Study Objectives: This study investigated the association between driving safety and seven sleep disorders amongst 3541 participants of the Second Strategic Highway Research Program (SHRP 2) naturalistic driving study.
Introduction
In 2010, 32 999 people were killed, 3.9 million people were injured, and 24 million vehicles were damaged in motor vehicle crashes in the United States [1] . These crashes led to $242 billion in economic cost and climbed up to $836 billion if the quality of life is considered [1] . Since most motor vehicle crashes are preventable, factors attributable to crashes are imperative to understand. Fatigue is one of the most common contributing factors for crashes, leading to twice as many performance errors, such as overcompensation, compared with unfatigued drivers [2] . From 2005 to 2007, 7 per cent of the 3 894 983 drivers involved in motor vehicle crashes were fatigued [2] .
Brown [3] defines fatigue as "a subjectively experienced disinclination to continue performing the task at hand"; hence, fatigue is related to sleepiness which is often referred to as "sleep propensity" [4] . Although different, fatigue and sleepiness can coexist as a consequence of sleep deprivation, are often used interchangeably, and are even merged under more general terms such as "tired" [4] . For example, in the context of driving studies, researchers have used different terms-drowsy, fatigued, and sleepy-to describe the driver whose state is affected by sleep propensity and whose behaviors are exhibiting noticeable changes, such as reduced eye scanning behaviors and increased eyelid closures during driving [5] [6] [7] . This paper refers to the state of "sleepiness," "drowsiness," or "fatigue" due to propensity to sleep as "sleepy."
The cognitive effects of sleepiness include decrements in vigilance, reaction time, memory, psychomotor coordination, information processing, and decision making [8] . Sleepiness can lead to progressive withdrawal of attention from road and traffic demands, thereby impairing vehicle control ability and collision avoidance [3] , including the worst scenario of drivers closing eyes on the wheel [3] . Despite these adverse effects, sleepy drivers are common on the road. According to a 2009 nationwide poll, 28 per cent of the 1000 respondents indicated that they had driven while sleepy at least once per month during the past year [9] . Over the last 15 years, drivers in Western countries have reduced average sleep duration while having increased risk of sleepiness on the wheel [10] . Besides sleep hygiene, prior studies have found that sleep disorder is a major risk factor of car accidents [8, 11, 12] .
Sleep disorders and driving safety
Sleep disorders are neurological disorders that affect the normal circadian rhythm, give rise to excessive daytime sleepiness, and impair daytime functions [13, 14] . The seven sleep disorders examined in this study are narcolepsy, sleep apnea, insomnia, shift work sleep disorder (SWSD), restless leg syndrome (RLS), periodic limb movement disorder (PLMD), and migraine.
Narcolepsy
Patients with narcolepsy exhibit symptoms of excessive daytime sleepiness, cataplexy (i.e., sudden loss of muscle strength control and movement ability), and uncontrollably falling asleep at any time of the day [15, 16] . Narcolepsy affects 0.03-0. 16 per cent of the general population [12, 17] . In simulator studies, participants with narcolepsy hit obstacles more frequently [18] and had higher crash rate than controls [19] . Personal crash histories also revealed that patients with narcolepsy had higher crash rates due to sleepiness: 11 times greater in female and 7 times greater in male narcoleptics compared with controls [14] . Further work is necessary to address limitations of extant research, particularly the small sample size [19] .
Sleep apnea
Sleep apnea is characterized by repetitive episodes of upper airway obstruction during sleep and reduced levels in blood oxygen that may lead to excessive daytime sleepiness and impaired vigilance and attention [12, 20] . In Western countries, sleep apnea is more prevalent in males (3-7 per cent) than in females (2-5 per cent), mostly affecting middle-aged people [21, 22] . In 2013, the prevalence rate of sleep-disordered breathing, including apnea and hypopnea, has been reported to be increasing between 14 and 55 per cent for the 30-to 70-years-old population depending on gender and age groups [23] . Epidemiological studies indicate significantly higher crash risk for drivers with sleep apnea [20, 24, 25] and simulator studies also show that sleep apneics exhibited "worse" driving performance than controls [26, 27] . Differences in driving exposure for patients with sleep apnea compared with controls are not currently known [20] .
Insomnia
Insomnia is a common sleep disorder in the general population, affecting approximately 6 per cent of the population using stringent diagnostic criteria [28] and causing difficulty in initiating sleep or staying asleep [29, 30] . Females are twice as likely as males to have insomnia [29, 31] . A large-scale survey conducted in a sleepdisturbed population showed that untreated insomniacs were associated with a higher risk of accidents (odds ratio [OR] = 1.87) compared with noninsomniacs [32] . A review of 18 studies on cognitive dysfunctions indicated that patients with insomnia had reduced performance in attention and vigilance tasks, but there is a paucity of simulator research with insomniacs [33] .
Shift work sleep disorder SWSD is common but under-recognized due to misalignment of sleep and wake patterns with the endogenous circadian rhythm [34] . Frequent night or early morning shifts can disrupt circadian rhythms. The American Academy of Sleep Medicine [12] estimated that 2-5 per cent of Americans may suffer from SWSD. Gender distributions are currently unknown, although some occupations are particularly prone to shift work (e.g. nurses). A cross-sectional survey study among female nurses in one hospital discovered that automobile accidents were 2.24 times more likely for night shift nurses and 1.14 times more likely for rotators than for daytime shift nurses [35] . Similarly, surveys and self-reports have indicated that shift work schedules negatively affect road safety [36, 37] .
Restless legs syndrome/Willis-Ekbom disease RLS/Willis-Ekbom disease (WED) is associated with chronic sleep deprivation and characterized by the irresistible urge to move the lower extremities that usually occur during or prior to the onset of sleep [38, 39] . The literature is inconsistent on the prevalence of RLS/WED, reporting anywhere between 2.5 and 15 per cent of the general population [40] . RLS/WED is estimated to be more common in the middle-aged, the elderly, and women [41] . RLS/WED has been suspected to contribute to motor vehicle crashes, but research is limited [41, 42] .
Periodic limb movement disorder PLMD is defined by periodic episodes of repetitive and highly stereotyped limb movements during and disturbing sleep chronically [12] . PLMD affects 3.9 per cent of the general population [31] . Records based on one hospital emergency room showed that 7.7 per cent of 40 injured drivers suffered from PLMD [43] . Similarly, a driving simulator study suggested lower performance of PLMD patients compared with controls [44] . Similar to RLS/WED, there are too few studies to conclude any increased crash rates due to PLMD [42, 45] .
Migraine
Migraine, though not commonly considered as a sleep disorder, is classified by the American Academy of Sleep Medicine to be part of sleep-related headaches under the category of Sleep Disorder Associated with Neurological Disorders [12] . The estimated prevalence of migraines is 18.2 per cent among women and 6.5 per cent among men [46] . A multiple logistic regression analysis on personal driving history of 10 529 individuals indicated that migraines could be associated with a 50 per cent increase in the risk of driver injury [47] . In an epidemiological investigation on military male drivers, migraine was found to be significantly associated with crashes [48] .
Summary of previous research
Three key findings summarize the state of current driving research related to sleep disorders. First, sleep disorders disturb the normal sleep pattern and cause excessive sleepiness, resulting in temporary or chronic decrements in driving abilities, and thereby can decrease driving safety among patients [12] [13] [14] . Second, the prevalence rate of sleep disorders can be dependent on demographic factors, particularly age and gender, which should be considered in driving risk estimates. Finally, different sleep disorders are associated with different levels of driving risk, but the paucity of epidemiological and empirical research limits the conclusiveness of findings quantifying the risk for some sleep disorders.
Prior studies have also neglected to address several areas. First, most previous studies rely on self-reported data or police reports that lack precrash information and unbiased event descriptions [24, [42] [43] [44] [45] [46] [47] [48] [49] [50] . Second, almost all studies omit near-crashes, which share similar causal factors with crashes and therefore may be considered safety-critical events [49] . Third, most driving studies on sleep disorders have not examined interactions between demographic factors and sleep disorders [20, 48, 50] . Finally, the driving exposure is neglected in virtually all previous studies [20] . Driving exposure can be vital, as driving risk would arguably not exist if patients did not drive.
This study aims to contribute the aforementioned neglected areas in the literature by investigating the driving risks associated with self-reported sleep disorders based on data from a large-scale naturalistic driving study. The hypotheses tested are as follows: (1) whether drivers with sleep disorders show higher crash or near-crash risk in naturalistic driving environments, (2) whether driving risk differs by sleep disorder type, and (3) whether gender and age interact with individual sleep disorders in moderating driving risk in naturalistic driving conditions.
Methods

Second Strategic Highway Research Program Naturalistic Driving Study data
Naturalistic Research Study (NDS) collects data on driver behavior, driving environment, and vehicle performance (e.g. speed, braking information) by installing unobtrusive cameras and other instruments that can record and store data under real driving situations without experimenter effects [51, 52] . NDS provides researchers with accurate details of pre-event information and exact exposure information [53] .
Second Strategic Highway Research Program (SHRP 2), completed in 2014, is currently the largest NDS in the United States [53] , collecting data from 3541 participants. Driver ages ranged from 16 to 98, and most volunteers participated between 1 to 2 years (M = 1.24, SD = 0.57) [53, 54] . The sampling plan of SHRP 2 was designed to "recruit an equal number of male and female licensed drivers across the full breadth of the driver age spectrum," while intentionally oversampling young (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) and senior (66+) drivers due to elevated crash risk [55] . SHRP 2 adopted the following participant screening criteria:
(1) Is a licensed driver.
(2) Drives at least 3 days per week. (3) Plans to keep vehicle for duration of anticipated study participation (i.e. 1 or 2 years for most participants). (4) Is competent to grant informed consent (or for minors, informed assent with consent granted by parent or guardian). (5) Has an eligible vehicle (note: eligible vehicles list grew as the study progressed). (6) Has a suitable vehicle in terms of mechanical soundness and anticipated life, cleanliness/hygiene, and freedom from other concerns (e.g. leaks or presence of illegal materials). [55]
SHRP 2 did not impose any requirements on sleep disorder conditions for participation but administered questionnaires to collect information substantially related to driving, such as demographics and medical conditions. The sleep disorder condition was based on participant response to the Medical Condition and Medications questionnaires (in the Nervous System and Sleep Conditions section) that was administrated twice-at the enrollment and end of the study. The instruction for the participants to report their recent medical conditions were as follows:
• [55] .
Specific to sleep disorders, the participants were asked to check all the following options based on the above criteria that apply to them: (1) epilepsy, (2) narcolepsy, (3) sleep apnea, (4) insomnia, (5) RLS, (6) Shift work disorder, (7) periodic limb movement disorder, (8) Parkinson's disease, (9) multiple sclerosis, (10) migraines, (11) dizziness, (12) brain tumors, and (13) peripheral neuropathy (numbness and tingling in hands, feet, arms, and legs) [55] .
In this study, participants were considered to be under the influence of a specific sleep disorder throughout SHRP 2 participation period if reported in either the entry or exit questionnaires.
This study employed four classes of SHRP 2 questionnaires and driving data for analysis: Tables 1 and 2 present the descriptive statistics on the driving observations of entire SHRP2 and the subset of those observations associated with sleep disorders, respectively. There was no fatal crash in SHRP 2.
Safety outcome measures
The study had four safety outcome measures (i.e. dependent variables), two of which were based on the occurrence of a crash or near crash and two others were based on ratings of crashes or near-crashes by professional data coders.
• Crash or near-crash: This measure is dichotomous indicating whether a particular event was a crash or near-crash or a baseline (i.e. 1 = crash/near-crash, 0 = baseline).
• Crash or near-crash rate: This measure was calculated by dividing the number of crashes/near-crashes for a driver by their driving exposure (i.e. driving duration in seconds).
• Driver maneuver: This measure describes driver maneuver performance prior to a crash or near-crash according to a trained SHRP 2 data coder. The measure is used to assess risk factors associated with less safe driving performance. The driver maneuver performance rating was ordered in four levels: "1" as "legal and safe," "2" as "illegal but safe," "3" as "legal but unsafe," and "4" as "illegal and unsafe." • Crash severity: This measure describes the coder-rated severity of a crash based on the magnitude of vehicle dynamics, the presumed amount of property damage, and the level of risk posed to the event actors. Relevant to assess the level of harm, the severity rating is ordered in five levels: "1" as "not a crash" (i.e. a near-crash), "2" as "low risk tire strike," "3" as "minor crash," "4" as "police reportable crash," and "5" as "most severe crash." 
Analysis methods
Based on the three measurement scales of the four outcome measures, three regression methods were used to estimate driving risks associated with sleep disorders: (1) logistic regression, (2) Poisson log-linear regression, and (3) ordinal logistic regression. All models were built in R and used a significance level threshold of 0.05. These regression models yield statistics for comparing the group of participants with a specific sleep disorder against the group of all other participants. Mixed-effect logistic regression was applied to compute adjusted odds ratios (AOR) for the risk of having crashes or near crashes associated with every sleep disorder, interaction between a sleep disorder and gender or age, and other independent variables (Table 3 ). This regression method can accommodate multiple predictors while addressing interactive and confounding effects [56] . The Poisson log-linear regression was used to model crash or near-crash rate. The parameter estimation in Poisson log-linear regression yields a predicted risk ratio (>1 indicates increased the rate of crash or near-crash) for each independent variable (Table 3) .
The proportional odds ratio regression-a type of ordinal logistic regression for modeling multilevel and ordered categorical responses-was employed to predict the driver maneuver and crash severity ratings as a function of the independent variables ( Table 4) . The model can compute AORs that represent the odds of, respectively, less safe driver maneuvers and more severe crashes or near-crashes associated with different sleep disorders.
Results
Crash/near-crash
The mixed-effect logistic regression for the safety outcome measure of risk of crashes or near-crashes (Table 5) showed that female drivers with RLS/WED and drivers with insomnia are associated with significantly increased crash or near-crash risk. Patients with narcolepsy were at marginally increased risk. Drivers who reported frequency of sleepy driving as "never," "rarely," and "sometimes" also had higher risk, indicating that crash or near-crash risk also associates with sources other than these sleeping disorders.
Crash/near-crash rate
The Poisson log-linear regression model indicated that drivers with SWSD in this study had a 7.5 times higher crash or nearcrash rate than controls ( Table 6 ). The opposite finding, however, was observed for 20-to 24-years-old SWSD drivers, who exhibited a lower crash or near-crash rate than controls.
Driver maneuver
The ordinal logistic regression indicated that females with sleep apnea (AOR = 1.36) and RLS/WED (AOR = 3.38), and drivers with SWSD (AOR = 3.53) were more likely than controls to perform unsafe maneuvers prior to crashes or near-crashes (Table 7) . Young drivers, senior drivers, and nighttime driving were also associated with the occurrence of less safe maneuvers during a crash or near-crash.
Crash severity
Ordinal logistic regression indicated that drivers with PLMD had a higher risk of increased-severity crashes ( Table 8) . As was the case for the driver maneuver, young drivers, senior drivers, and nighttime driving were associated with more severe crashes.
Discussion
This research presents the first investigation of the association between sleep disorders and various measures of crash or near-crash incidence and severity within a large-scale naturalistic driving research paradigm. The results confirm that some sleep disorders generally increase driving risk as defined by our dependent measures. Furthermore, the results also provide some insights into how risk varies across specific types of sleep disorder and some moderating factors. 
Driving risks associated with sleep disorders
Narcolepsy Drivers with narcolepsy have a marginally significant (AOR = 10.24, p < 0.1) higher likelihood of crashes or nearcrashes. The relatively small sample size of 40 observations and five narcoleptic participants (i.e. 0.14 per cent) in the SHRP 2 NDS most likely contributed to high SE and marginal significance. Statistically significant findings on narcolepsy are always challenging to isolate, given the low prevalence rate of the disease-0.03 to 0.16 per cent in the general population [17] . For 3541 participants in SHRP 2, five narcoleptics actually represent the high end of the prevalence rate. So the statistical findings must be interpreted with caution. Negative impacts of narcolepsy, including excessive daytime drowsiness, uncontrollably falling asleep, and cataplexy, may also contribute to driving risk and are reported to occur during driving by some patients (e.g. Broughton, Ghanem, Hishikawa, Sugita, Nevsimalova, and Roth [57] found that 66 per cent of respondents reported falling asleep behind the wheel, 29 per cent reported cataplexy while driving, and 12 per cent reported sleep paralysis while driving). Although some increased risk could be inferred from our findings, further research is needed.
Sleep apnea
The results indicate that female drivers with sleep apnea (AOR = 1.36, p < 0.05) have significantly higher likelihood of performing more unsafe maneuvers prior to crashes or nearcrashes. The analysis does not yield a significant main effect of sleep apnea. The gender-specific prevalence of sleep apnea in the SHRP 2 NDS (3.7per cent female, 6.9 per cent male) matches previously observed rates in the general population (3-7per cent in males, 2-5 per cent in females [21, 22] ); however, another recent study estimated that the prevalence of sleep apnea in population ranging from 30 to 70 years old has a 14-55 per cent increase depending on the specific age group [23] .
In addition, the lack of evidence for increased crash risk is consistent with some studies. For example, George [27] reviewed five simulator studies of sleep apnea patients and found their driving performance was worse than controls although some participants never had collisions on the road. George [27] also found that patients receiving treatment improved their driving performance. In SHRP 2, 34 out of 188 sleep apneics reported using medication. However, this study did not consider the All results presented were significant at p<.05, except for Narcolepsy, which was marginally significant (p<0.1).
effects of medical treatment given insufficient details in the dataset. In short, we cannot establish a relationship between sleep apnea and driving risk based on the SHRP 2 study.
Insomnia
Although underrepresented in the SHRP 2 study (4.8 per cent) compared with population estimate (6 per cent), drivers with insomnia have significantly increased crash or near-crash risk (AOR = 1.49, p<0.05), which confirms previous epidemiological studies' results [30, 32] . The mechanisms by which insomnia increases risk should be the focus of future research. Although some previous research has indicated lower attention and vigilance task performance in insomniacs [3, 33] , there were no performance decrements detected within the relevant dependent measures in this study.
Shift work sleep disorder
The crash or near-crash rate of drivers with SWSD is 7.5 times higher than those without, except for the 20-to 24-years-old drivers with SWSD (which showed lower crash or near-crash rates than controls). Interestingly, this finding was observed in spite of an underrepresentation of the disease within the SHRP2 NDS, which was 0.37 per cent of participants vs. 2-5 per cent of the population [12] . Further study with more SWSD patients is necessary to verify the observed association between SWSD and age. Age-related findings may disappear with a larger sample, or these younger drivers may be coping better than other ages with the condition. Prior research on rotating and night shift workers found increased crash odds for regular shift workers [35, 50] , but those results omit driving exposure and SWSD diagnosis. Based on these findings, employers should be cognizant of SWSD vulnerability amongst their workers, and advocate for public or pooled transportation that reduces or eliminates required work commute driving for shift workers.
Restless legs syndrome/Willis-Ekbom disease
The findings of this study suggest that the impact of RLS on driving tends to affect female patients specifically, based on increased crash or near-crash risk (OR = 2.26, 95% CI: 1.20-4.26) and less safe precrash or near-crash maneuvers (AOR = 3.38, p<0.05). These findings can be related to the higher prevalence of RLS/WED among females in the general population [41] and in SHRP 2. The findings of this help reduce the paucity of empirical evidence in existing literature on this sleep disorder [41, 42] .
Periodic limb movement disorder
Crash severity for drivers with PLMD was higher than for controls (AOR = 1.43, p<.05), in spite of an underrepresentation of drivers with PLMD in the SHRP 2 dataset (0.23 vs. 3.9 per cent) [31] . However, only four crash or near-crash driving observations were related to PLMD. Thus, drawing strong conclusions on the increased driving risk for those with PLMD in the United States is not possible and further research is required.
Migraine
The analyses of SHRP 2 data did not isolate any significant effects of migraine. This finding stands in contrast with previous epidemiological studies indicating that drivers with migraine have significantly higher crash risk. The 8.4 per cent of SHRP 2 participants with migraine match the prevalence in the general population. Further investigation is necessary to examine why the presence of migraine does not translate to detectable driving risk for this sleep disorder in the SHRP 2 study. As mentioned in the sleep apnea discussion, it is possible that these patients had a well diagnosed and managed (e.g. through medications) condition.
General discussion
The seven sleep disorders studied in this investigation exhibit different effects on the four safety measures of interest. The variations can be attributed to different characteristics of the four measures and the sleep disorder conditions. The crash or near-crash risk and crash or near-crash rate include all driving observations of crashes or near-crashes and baselines, but the crash or near-crash rate controls for driving exposure as an offset of total amount of safety critical eventscrashes or near-crashes. Controlling for exposure can improve sensitivity to safety impacts due to sleep disorders when the driver group is prone to unique driving conditions. For instance, SWSD is not associated with any increased crash or near-crash risk, but it is associated with an increased crash or near-crash rate. This finding appears logical as drivers with SWSD are required to commute while sleepy by their work schedule. In other words, shift workers are inherently exposed to greater risk as they might drive after staying awake all night or drive during circadian low for very early shifts. Patients of other conditions and controls might have more random exposure to sleepy commutes [35, 58, 59] . Females with sleep apnea and drivers with PLMD are not associated with increased likelihood or rate of crashes or near-crashes, whereas the presence of their condition does significantly decrease the safety of their pre-crash or near-crash driver maneuvers and increase their crash severity. This finding is consistent with a previous study which found that drivers with sleep apnea had more than a threefold increase in the odds of more severe crashes without any increased odds of motor vehicle crashes [60] . Other studies looking into sleepiness and driving safety supported that decreased vigilance and/ or falling asleep behind the wheel were associated with more severe crashes and thus worse driver performance-failure to brake or reduce speed [61, 62] . It is also important to note that, though varying in sensitivity, the four safety measures in this study never yield any contradictory results (i.e., "safety" increases with one measure but decreases with another one).
Several control variables significant in the four regression models, including the frequency of sleepy driving and nighttime driving rate, also provide important indications of sleepy driving in naturalistic driving environment. These results also corroborate extant research and thus provide confidence on the findings regarding association between sleep disorders and driving safety.
The results also illustrate the risk with increasing nighttime driving rate (i.e. the ratio of nighttime driving trips divided by the amount of all driving trips). Specifically, if night time driving rate increases from 0 (i.e. no nighttime driving at all) to 1 (i.e. all trips are nighttime driving), the drivers would experience 6.71 and 1.61 times greater chance of having less safe maneuver prior to a crash or near-crash and more severe crashes or near-crashes, respectively. This is a strong piece of evidence that nighttime driving is less safe than daytime driving and limiting amount of nighttime driving could be one method to moderate road risk for some individuals.
There were SHRP 2 participants with more than one sleep disorder. In the analysis, however, we could not separately identify the impact of each sleep disorder for those participants. We assumed that if a participant had multiple sleep disorders, each of them equally and independently affect driving safety. Therefore, this assumption might contribute to the variations in the results.
We must emphasize that causation of vehicle crashes or near-crashes is multifaceted. This study only compares various groups of participants with a specific sleep disorder versus the group of all other participants. Other significant factors such as sleep hygiene or quality are omitted even though they might contribute significantly to roadway safety. For instance, in Western countries, the mean sleep duration has decreased in recent years while sleepiness behind the wheel and in nearcrashes are increasing [10] . However, detailed discussion of such factors is beyond the scope of this paper. The findings related to sleep and driving habits from the same dataset are discussed in another paper that is currently in preparation [63] .
Research contribution
This is the first study investigating the association between sleep disorders and driving risk with naturalistic driving study data, augmenting current empirical evidence collected from police reports, epidemiological studies, and simulator experiments. First, the scale and longitudinal nature of the SHRP 2 study yield a comparatively large sample size and illustrate representative driving behaviors that are unprecedented in the literature to provide a level of assurance and completeness for studying differences in crash risks between people with and without sleep disorders. While naturalistic and large-scaled, the regression analyses of the SHRP2 data can only specify the association (or correlation level) rather than the causal relationship between sleep disorders and driving risks. So further research is necessary and invaluable. Second, the crash rate measure in this research considers driving exposure into account for the assessment of driving safety associated with sleep disorders that are neglected in simulator experiments and potentially biased in epidemiological studies. Finally, the recorded details of vehicle dynamics and videos of the driving in SHRP 2 permit assessments of driving maneuvers and crash or near-crash severity with respect to sleep disorders that are not published in the literature.
Implications
This study not only contributes to empirical evidence on sleep disorders and road safety but also offers practical implications for a variety of stakeholders. First, the study indicates a very high crash or near-crash rate for drivers with SWSD; hence, employers should consider providing low-cost or alternative transportation for their shift workers and rotators. The public sector might also consider expanding transportation options to aid both employers and employees, thereby improving road safety. The Centers for Disease Control and Prevention [64] estimated that each crash-related emergency department visit costs an average of about $3300 and each hospitalization about $57 000, whereas the average trip cost of Uber of Lyft were less than $22 in 2016 [65] . This risk factor may also be relevant to insurance companies in estimating premiums for employers, with premiums being lowered for employers that provide some of this support for their workers.
Second, the results on more unsafe driving maneuvers by females with sleep apnea or RLS/WED and more crashes for drivers with insomnia are informative to physicians consulting their patients upon diagnosis. Physicians should inform both driver groups about their significant risk level so that they can take greater caution in choosing when to drive. On the other hand, physicians should avoid exaggerating risks that introduce undue fear to patients with other sleep disorders and thereby limiting mobility unnecessarily.
Finally, policy makers should strive for evidence-based practice in licensing individuals with respect to their specific sleep disorders. Currently, the Federal Motor Carrier Safety Administration requires medical qualifying examination to determine whether commercial vehicle drivers have a condition that would affect their ability to operate the vehicle safely. Some states, such as Indiana, require physicians to report patients inclined to sleepy driving for initiating further investigation. However, regulations on how the government would restrict the personal mobility of those drivers are not specified. General policies related to sleep deprivation do exist in many states but there appears to be no standard regulations on issuing passenger vehicle driver's licenses concerning sleep disorders. However, further research on sleep disorders is warranted to inform laws and regulations that must consider the complex nature of compliance and enforcement for balancing risk and mobility.
Limitations
Five limitations are identified. First, the adopted sampling technique in SHRP 2 was not targeted at matching the prevalence rate of sleep disorders in the general population. For instance, the sample size of narcolepsy, SWSD, and PLMD patients is small. Although participants with narcolepsy match the high end of the prevalence rate of the disorder, participants with SWSD, PLMD, and insomnia are underrepresented in SHRP 2. Furthermore, the prevalence of sleep apnea among 30 to 70 years old seems to be increasing [23] , potentially under-representing the disorder in the SHRP 2 sample. SHRP 2 intentionally oversampled teenage and senior drivers and under-sampled middle-aged drivers (36-65 years) [55] . Future study with adequate sampling is recommended to confirm the findings in this study. Another sampling issue is that the majority of individuals with sleep disorders are undiagnosed and inadequately treated [66] . For example, about 80 to 90 percent of adults who have clinically significant sleep-disordered breathing are undiagnosed [67] . Although the imposed reporting criteria of sleep disorders in SHRP 2 were sufficient (see discussion below), we were unable to identify participants with undiagnosed sleep disorders in the "healthy" driver group. Therefore, the undiagnosed and untreated individuals can influence the data of healthy population, biasing the estimates on the exact effects of sleep disorders.
Second, the association of a sleep disorder and driving risk does not indicate how the sleep disorder is negatively affecting the roadway safety. For example, cataplexy is one of the most deleterious symptoms of narcolepsy, but the current data analysis does not address whether such symptoms were present during driving. Future research needs to employ other assessment methods, such as Observer Rating of Drowsiness (ORD) [5] and PERcentage of eyelid CLOSure (PERCLOS) [68] , to further investigate the occurrence of sleep disorder symptoms in NDS.
Third, the effects of medical treatments and other medical conditions are omitted in this study due to limited information; therefore, the treatment effects are unknown for the naturalistic driving environment. For instance, researchers have found that using continuous positive airway pressure (CPAP) effectively reduces the risk of motor vehicle crashes among obstructive sleep apneics [69] . Prior research also indicated that driving in the morning following the nocturnal treatment of hypnotics is unsafe [70] . Other medical conditions such as chronic illness, mood disturbance, and obesity can affect sleep. The SHRP 2 dataset lacks the detail to support statistical analysis but the large sample size should help balancing out the effects of other factors, such as obesity, across observations associated with sleep disorders and the baselines.
Fourth, the sleep disorder information was self-reported in part of questionnaire of Nervous System and Sleep Condition at the enrollment and end of the study. Although criteria for reporting medical conditions imply formal diagnosis by professionals (Methods), the SHRP 2 study does not include any professional verification of participants' latest conditions. We believe that the explicit criteria in reporting medical conditions should be sufficient to limit over reporting of sleep disorders.
Finally, some nonintuitive predictors are significant, such as drivers who "never" drive sleepy being associated with significantly increased driving risk because motor vehicle crashes and near-crashes are multifactorial. In other words, significant risk factors that cannot be attributed to sleep disorders are likely associated with those "never" drive sleepy cases given that the models in this study were not designed to explain such variability. This further highlights that the findings in this study are associations rather than causal factors of driving risks due to sleep disorders.
